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The soils and underlying weathered carbonate rock in karstic regions play an 32 
important role in the infiltration, storage and retention of water and nutrients. Because 33 
of significant heterogeneity of the karst, the use of individual geophysical techniques 34 
is often not sufficient for unambiguous assessment of the irregular distributions of 35 
soils and underlying fractures. In this study, ground penetrating radar (GPR) and 36 
electrical resistivity tomography (ERT) are jointly used with additional observations 37 
to delineate the shallow subsurface structure in two exposed profiles. The results 38 
show that ERT is effective for detecting the soil-rock interfaces, even for irregular 39 
terrain and fracture structures, such as a funnel-shaped doline, as the soils and rocks 40 
show a large resistivity contrast. Although ERT may be able to sense the presence of 41 
extensive fracturing it cannot detect individual small aperture fractures. Joint use of 42 
different frequencies of the GPR antenna (e.g. 100 MHz and 500 MHz in this study) 43 
allowed the detection of most fractures at different depths in the study sites. However, 44 
forward modeling of typical weathered rock features illustrates that the GPR data 45 
cannot resolve any reflection signals of the vertical fractures, so the features of 46 
vertically enlarged fractures filled by soils cannot be seen from the GPR images. 47 
Moreover, large uncertainties of resistivity at the interface between soils/fractures and 48 
bedrock limit the identification of an irregularly distributed subsurface structure. 49 
Despite the limitations of individual techniques, the combination of ERT and GPR 50 
enhances the delineation of the soil-bedrock interface and identification of the fracture 51 
network, which can allow an enhanced geological interpretation of shallow subsurface 52 
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features in the karst areas. 53 
Abbreviations: CMP, Common Mid-Point; EM, electromagnetic; ERT, Electrical 54 
Resistivity Tomography; GPR, Ground Penetrating Radar; GX, Ground Explorer; 55 




Karst is an important landscape, which covers about 15% of the world’s land area or 59 
about 2.2 million km2 (Yuan & Cai, 1988). 25% of the global population fully or 60 
partially depends on water from karst aquifers (Ford & Williams, 2013). One of the 61 
largest, continuous karst areas in the world is located in Yunnan-Guizhou Plateau of 62 
southwest China, an area that has a population of 100 million. Carbonate rocks 63 
occupy 41% of the total area (730.6103 km2). In the karst region of southwest China, 64 
the abundance of rainfall and subsurface flow in humid conditions, coupled with its 65 
high porosity and fracturing, results in intensive and extensive development of karst 66 
features, such as solution-widening fractures, grooves, cavities and conduits as well as 67 
the surface caving and depressions. Soils are generally 30-50 cm thick and are 68 
sporadically developed on carbonate rocks. The composition and structure of shallow 69 
subsurface soils and limestone fractures control infiltration and percolation, erosional 70 
rates and patterns in the landscape. Therefore, capturing the shallow subsurface 71 
structures can improve our knowledge of the complex hydrodynamic functioning of 72 
both unsaturated and saturated zones (e.g. Bakalowicz, 1995; Ford & Williams, 2007; 73 
Goldscheider & Drew, 2007; Mangin, 1975; White, 2007).  74 
Geophysical methods, such as electrical resistivity tomography (ERT), ground 75 
penetrating radar (GPR) and refraction seismics, have been widely used to survey 76 
subsurface structures in karst areas. Compared with classical hydrogeological 77 
methods (boreholes and pumping tests), geophysical methods can be applied to survey 78 
karst terrain and geological features over a large area. Seismic surveys can provide 79 
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relevant information in karst media (Šumanovac & Weisser, 2001), such as detecting 80 
epikarst, and mapping karst near-surface heterogeneities (e.g. Guérin & Müller, 2001, 81 
2005; Guérin & Benderitter, 1995; Ogilvy et al., 1991; Turberg & Barker, 1996), but 82 
this technique provides a limited resolution compared to ERT and GPR.  83 
ERT provides 2D and 3D images of the variations in electrical resistivity (inverse of 84 
electrical conductivity) using electrodes typically placed on the ground surface. ERT 85 
can be effective for detecting cavities, sinkholes and shallow conduits or enlarged 86 
fractures filled by material that provides a large resistivity contrast with respect to the 87 
host material (Ellis & Oldenburg, 1994; Guérin et al., 2009; Šumanovac & Weisser, 88 
2001; Valois et al., 2010; Van Schoor, 2002; Zhou et al., 2002; Zhu et al., 2011). 89 
However, ERT suffers from resolution limitations, consequently, it has mostly been 90 
used to locate the upper part of a sedimentary buried karst system and characterize the 91 
overlying sedimentary covering (Carrière et al., 2013), as the soil resistivity is 92 
typically much lower than the carbonate rock resistivity. Increase of electrode spacing 93 
enables ERT to sense the resistivity deeper. However, large electrode spacings result 94 
in decreasing spatial resolution and thus use of the ERT image may fail to identify 95 
fractures positions.  96 
The GPR technique uses electromagnetic (EM) waves to detect contrasts in electrical 97 
properties in the subsurface. When an EM wave encounters a fracture in a solid rock, 98 
reflection and refraction occur. Changes in the direction, phases and amplitudes of 99 
wave propagation can be used to quantify properties of individual fractures, e.g., 100 
fracture aperture, and fracture filling (Tsoflias & Hoch, 2006; Deparis & Garambois, 101 
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2009). The polarization properties of EM wavefields can be used to identify steeply 102 
dipping fractures due to the phase difference between orthogonal pairs of polarization 103 
data sets (Tsoflias et al.; 2004). GPR typically has a higher resolution than ERT, 104 
however, the resolution of the acquired GPR data and the penetration depth of GPR 105 
waves are dependent on the frequency of the antenna and the electrical conductivity 106 
of the subsurface, respectively. There is a trade-off between resolution and penetration 107 
depth, e.g. higher-resolution data but shallower depths of investigation profiles, or 108 
lower-resolution data but deeper depths of investigation. Furthermore, the ability of 109 
GPR to detect fractures can be limited due to unfavorable fracture orientation, the 110 
presence of fracture areas that are smaller than the size of the first Fresnel zone, and 111 
limited penetration depth (Dorn, 2013). When GPR is used to identify and locate deep 112 
subsurface karst features (e.g. cavities, conduits and fractures), it often fails to give 113 
information about the material forming the structure (Orlando, 2013). 114 
The joint use of GPR and ERT can be effective for an enhanced characterization of 115 
geological features in karst (Elawadi et al., 2006; El-Qady et al., 2005). The 116 
combination of GPR and ERT surveys has been used to identify bedrock (Diallo et al., 117 
2019), and gypsum deposits in urban areas (Gołębiowski & Jarosińska, 2019), and 118 
geological structure of karst unsaturated zone (Carrière et al., 2013), and to assess the 119 
risk of subsidence of a sinkhole collapse (Gómez & Crespo, 2012). Most of these 120 
studies show that the GPR method has advantages in the imaging of vertical and 121 
inclined fractures near the surface, and that the ERT method has advantages in 122 
delineating horizontal structures. Because of the strong heterogeneity of the 123 
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subsurface, the choice of adequate methods for characterizing heterogeneities in the 124 
karst environment is very challenging and remains mainly site-related (Chalikakis et 125 
al., 2011). In the karst areas of southwest China there are different combinations of 126 
soils and rocks and fracture networks that results in contrasts between fill 127 
soils/fractures and the surrounding rocks.  Until now, there has been lack of 128 
quantitative assessments regarding the effectiveness of GPR and ERT for detecting 129 
different subsurface structures, and limited studies on whether the joint use of GPR 130 
and ERT can improve detection of the strongly heterogeneous subsurface structures in 131 
the karst areas of southwest China. 132 
The objective of our study is to assess effectiveness of ERT and GPR (and their joint 133 
use) for identification of the subsurface structure, including the soil-bedrock  134 
interfaces and fracture networks, in the karst region of southwest China. To reduce 135 
interpretation ambiguity, the relative dielectric permittivity of the materials is derived 136 
from measurements on four typical karst profiles. The capacity of GPR with high and 137 
low frequency antenna, and ERT to resolve typical rock features is assessed by using 138 
synthetic and field data. The efficiency and complementarity of the joint use of GPR 139 
and ERT surveys for the karst interpretation are evaluated by comparison with the 140 
detailed visual surveys in two typical exposure profiles.  141 
THE SELECTED SUBSURFACE PROFILES 142 
The test site is located in the Puding County of Guizhou Province, in the centre 143 
of the southwest China karst terrain. The area has a humid, subtropical monsoon 144 
climate, with an annual mean temperature of 15.2°C. The mean annual rainfall is 1315 145 
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mm, with 85% falling during the wet season (May-October). The lithology is 146 
~90 %Triassic argillaceous limestone and dolomite (Fig 1). Soil properties and 147 
thickness are closely related to rock composition and topography. More than 90% of 148 
soil thickness is less than 0.4 m in the study area. Exposed rock usually occurs in 149 
limestone areas and steep hillslopes, and thick soils are distributed in the valley and 150 
plains. The main soil type is red clay formed by carbonate after its solution in hot, 151 
humid and rainy climate conditions (Zhou et al., 2012). In such climate conditions, 152 
soils typically have high water content and high clay content (over 10%) (Zhou et al., 153 
2012). Given these properties, the resistivity of soils in the study area is relatively 154 
low. 155 
In this study, we selected two profiles (Prof-ID1 and Prof-ID2 in Fig. 2), 156 
representing two typical carbonate rocks (limestone and dolomite, respectively), in the 157 
region. These two profiles are located on exposed excavations adjacent to roadsides, 158 
allowing the features of soil thickness and fracture distributions to be manually 159 
measured and then digitized as shown in Fig. 2. Prof-ID1 is located in Maguan town, 160 
Puding County (Fig.1). The field survey shows that the subsurface zone is 161 
unconsolidated and concentrated in the shallow part of the profile (about 5 m thick). 162 
The uppermost soils are irregularly distributed, within about 1 m depth from the 163 
ground surface. The underlying fracture zone consists of horizontal and vertical 164 
fractures. The horizontal fractures are produced in the bedded limestones, while 165 
vertical fracture structures represent reduced dissolution kinetics as the widths 166 
decrease from the upper funnel-shaped dolines or grikes to the deeper fractures 167 
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(Fig.2). The bedrock layer contains micropores during the genesis of the carbonate 168 
rock belonging to the middle section of Guanling Formation (T2g2).  169 
The Prof-ID2 profile is dominated by dolomite (Fig. 1). The soils are covered with 170 
weeds and are relatively thick, mostly filled in the three funnel-shaped dolines. The 171 
underlying rock contains numerous sloping fractures with dip direction of 160° and 172 
angle of 20°. 173 
Both Prof-ID1 and Prof-ID2 were measured by ERT and GPR in mid-May, 2017 174 
when the soils were relatively dry after a non-rainfall period lasting more than a week. 175 
Air temperature was about 25°C during the survey period. GPR measurements were 176 
executed immediately after the ERT measurements. 177 
METHODOLOGY 178 
The ERT method 179 
ERT is an active source geophysical method, using two pairs of electrodes 180 
(dipoles) in contact with the ground: one is used to create an electrical field and the 181 
other pair is used to measure the voltage difference from the source. By carrying out 182 
such measurements with different geometrical configurations, it is possible to assess 183 
the resistivity of the subsurface (Binley & Slater, 2020). The field measurements were 184 
carried out using a Syscal Pro 96 (Iris Instruments, France) (Fig. 3a), which can 185 
connect to 96 electrodes, and collect 10 measurements on dipoles simultaneously.  186 
In this study, we adopted a typical 2D imaging configuration in the field. We  187 
installed the electrode array a short distance (0.6 m) away from the exposed face in 188 
order to ensure that the observed face is a reasonable match to the image zone 189 
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(Prof-ID1 and Prof-ID2) (Fig. 2) A total of 48 electrodes were spaced at 0.3 m for 190 
Prof-ID1 and 0.5 m for Prof-ID2. However, as the dipoles are separated in an ERT 191 
survey, the footprint of the measurement increases and thus there is some inevitable 192 
impact of resistivity variation orthogonal to the line (i.e. away from the face). 193 
Different electrode configurations (the geometry of the quadrupole) are possible 194 
(Binley, 2015). The dipole-dipole mode (Binley, 2015) is most effective for assessing 195 
lateral variation in resistivity and was, therefore, adopted here. 196 
Although the measurements were collected in a 2D collinear electrode array, a 197 
3D finite element mesh is needed for forward modeling in order to account for the 198 
close proximity of the electrode array to the exposed face. The unstructured 3D 199 
finite-element mesh of Prof-ID1 model is shown in Fig. 4, and it is similar for 200 
Prof-ID2. The measurement errors were estimated based on the difference between 201 
forward and reciprocal measurements. According to the previous study by Cheng et al. 202 
(2019) using ERT, the relative errors of the measurements are estimated to be 1.6% 203 
for Prof-ID1 and Prof-ID2.  204 
The GPR method 205 
Data collection and processing 206 
In this study, the MALA Ground Explorer (GX) HDR system (High Dynamic 207 
Range) with shielded antennas and unshielded antennas was applied for 208 
measurements (Fig. 3b-3d). The MALA system used has antennas with three different 209 
frequencies (100 MHz, 500 MHz, and 1200 MHz). Fractures can generally be 210 
envisaged as layers embedded in a homogeneous rock formation. This gives rise to 211 
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two signals with opposite polarities reflected by the two sides of a fracture. The time 212 
elapsed between the transmission of the signal and its return back to the receiving 213 
antenna after reflecting in the subsurface (two-way travel time) is measured and later 214 
converted to depth. High precision x-y-z geolocated data were acquired 215 
simultaneously with the free run data using a Trimble GNSS R8 differential GPS, 216 
allowing the corrections of GPR profiles for topography and XY positions.  217 
The ReflexW GPR and seismic data processing software (Sandmeier, 2015) was 218 
used for GPR data processing. The typical sequence of processing steps applied to the 219 
collected data includes static corrections (move start time) to adjust time zero at the 220 
ground surface, subtract mean (dewow) to remove signal drift or DC shift caused by 221 
very low frequencies, gain functions and filter functions. Migration is not applied in 222 
the data processing if obvious stratification characteristics and diffraction 223 
phenomenon cannot be identified after the above data processing steps. Additionally, 224 
topographic correction was applied to replace all traces in their exact location by 225 
using the data collected with the GNSS, and to visualize the topography on the final 226 
processed profile. 227 
Physical properties of materials 228 
The most important physical properties of the materials for GPR and resistivity 229 
data interpretation are the relative dielectric permittivity (or dielectric constant) and 230 
the electrical resistivity, respectively (Diallo et al., 2019). Table 1 shows examples of 231 
these properties for some common materials from the investigation of the other sites. 232 
Table 1 displays large variations of these properties since the parameters depend on 233 
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the porosity of the medium, fractures, water content and the conductivity of the water, 234 
mineralogy, pressure, dissolved ion content, temperature and clay content (Lopez and 235 
Gonzalez, 1993; Sbartaï et al., 2007).  236 
In order to reduce uncertainty, it is better to measure the physical properties of 237 
the relevant materials. For proper conversion of the time axis into the depth axis to 238 
evaluate the depth of GPR reflectors, the wave velocity also needs to be assessed. 239 
This average velocity can be estimated by many ways, such as performing CMP 240 
(Common Mid-Point) surveys, using time-domain reflectometry, measuring travel 241 
time between two boreholes, or using buried objects of known depth (Neal, 2004). In 242 
this study, the method of known burial depth was used to determine average GPR 243 
wave velocity in four typical karst profiles (prof-a, prof-b, prof-c and prof-d in Fig 5). 244 
The profiles prof-a-prof-c are located nearby Puding city and the prof-d is located 245 
upstream of the Puding catchment (Fig 1).  In each profile, boreholes were drilled 246 
horizontally at a certain depth and an iron bit was lowered in the borehole as a target 247 
body. The high frequency 1200 MHz shielded antennas  were used to detect the 248 
propagation velocity of electromagnetic waves with and without the iron bit in the 249 
boreholes. A tape measure was used to determine the vertical height (H) between the 250 
iron bit and the profile surface (Table 2) for each borehole. The post-processing 251 
software (ReflexW) was used to process the radar detection data measured before and 252 
after drilling and the two results were compared (Fig. 5). The result of the comparison 253 
shows that the yellow point (the iron bit in the boreholes) was located at the highest 254 
point of the hyperbolic image of the isolated target body (the red circle). The travel 255 
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time of radar electromagnetic wave at the target body can be obtained from the 256 
radargrams shown in Fig. 5. The propagation velocity of electromagnetic waves in 257 
each of these four profiles can be inferred from: 258 
𝑉                              (1) 259 
where V is the electromagnetic wave velocity and T is  the two-way travel-time 260 
(TWTT). 261 
The estimated propagation velocity, V, ranges from 0.099 to 0.159 m/ns with an 262 
average of 0.12 m/ns (Table 2). This average value was used in GPR data 263 
interpretation of the Prof-ID1 and Prof-ID2. The propagation velocity of 264 
electromagnetic wave is related to the medium’s relative permittivity, 𝜀r according to:  265 
𝑉
√
                                  (2) 266 
where c is propagation velocity of the electromagnetic wave in a vacuum (~0.3 m/ns). 267 
According to the measured V, the relative permittivity 𝜀r is 1 for air, 18 for wet 268 
soils filled in grikes and fractures, and 8.3 for limestone and dolomite (Fig. 5). 269 
THEORETICAL MODELING OF TYPICAL SUBSURFACE PROFILES 270 
USING ERT AND GPR 271 
A controlled study was performed prior to the field survey for the purpose of 272 
identifying reflection patterns in models representing characteristics of the study sites. 273 
Three model profiles were developed representing soil-filled grikes, inclined fractures 274 
and layered structures. (see Figs. 6 and 7). Inversion/modeling of ERT and forward 275 
modeling of GPR were carried out for detection of the near surface features. 276 
Theoretical inversion by using ERT 277 
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For the ERT modeling, an intuitive open source software for complex 278 
geoelectrical inversion/modeling (ResIPy) (Blanchy et al., 2020) was used for 3D and 279 
2D inverse modeling. The codes utilize an unstructured finite element mesh, allowing 280 
modeling of the theoretical apparent resistivity and representation of complex 281 
geometries. The electrode configuration chosen in this study was dipole–dipole 282 
configuration, with an electrode spacing of 0.3 m (Figs 6a~c). The 3D forward model 283 
data were perturbed with 2% Gaussian noise and then inverted using the 2D and 3D 284 
inverse codes. The 2D inverse modeling was applied as it is much simpler and more 285 
conventional in use, but does not recognize the rock-air interface adjacent to the 286 
electrode array. The resistivity of soil and bedrock was set to 20 and 1000 Ωm, 287 
respectively, following the range of the values in Table 1. 288 
The inverted synthetic models for the thin soil layer overlying grikes are shown 289 
in Fig. 6a. Fig. 6d and 6e show the inversed resistivity distribution using the 3D and 290 
2D functions of the ResIPy software, respectively. Both images clearly show the 291 
irregular distribution of the soil-rock interface. The 30 Ωm and 40 Ωm contours (the 292 
white lines in Figs 6d and 6e, respectively) capture well the irregular soil-rock 293 
interface of 3D and 2D inversion results, respectively. 3D ERT inversion provides a 294 
clearer interface between soils and rocks, indicated by a narrow band between the 295 
blue to red color for the image in Fig 6e. 296 
A synthetic model consisting of a thin soil layer overlying a sloping fracture is 297 
shown Fig 6b. The ERT tomography can capture the upper soil-rock interface, but it 298 
cannot clearly resolve the sloping fracture (Fig 6g). The layered fractures of limestone 299 
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imbedded with rock fragment are shown in Fig 6c. As the fragments were surrounded 300 
by air, the resistivity was set to a high value (in this case 2000 Ωm). The inversion 301 
result in Fig 6g reflects the high resistivity zone due to the fragments, but it cannot 302 
identify the layered fractures. 303 
Theoretical modeling by using GPR 304 
The forward model of GPR used is based on the time domain simulation 305 
software GPRSIM developed by LAUREL (Goodman, 1994). GPRSIM is a 306 
diffraction model based on physical optics and ray tracing method based on geometric 307 
optics. The software uses the finite-difference time-domain method to obtain the 308 
numerical solution of Maxwell’s equations. The software allows the use of a 309 
customized geological model, and simple setting of model parameters, which displays 310 
ray paths and other results. 311 
The modeled space was discretized into a grid with a resolution of 0.01 m. A 312 
time step of 0.0195 ns was used. The physical properties of the materials, such as the 313 
relative permittivity value 𝜀r, were selected according to the measured values in Table 314 
1.  315 
The electromagnetic waves travelling through the subsurface encounter a buried 316 
discontinuity separating materials of a different physical properties, there various 317 
combinations of wave transmission (T) and reflection (R), depending on the 318 
properties and shape of the deposit off which they are reflected. As shown in Fig 7, 319 
for two horizontal layers, the “TRT” represents transmission (T) into the 1st layer, 320 
reflection (R) off the 1st-2nd boundary and transmission (T) back to the surface. For 321 
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further details, refer to Goodman (1994). 322 
According to the forward modeling results in Fig. 7a, the grikes can be 323 
identified in terms of the strong reflection signal of the soil-rock interface. The width 324 
of the grikes’ surface can be identified as the signal segments between two adjacent 325 
reflection signals. The bottom of the grike is identified as the reflection segments 326 
below the grikes’ surface. However, the grikes’ side wall reflection is extremely weak, 327 
because the side-wall is in the vertical direction. Therefore, the GPR image does not 328 
reveal any signals of the grikes’ side-wall, as shown in Fig. 7a, but the connection 329 
lines of the signal segment terminating points between two adjacent reflection signals 330 
perfectly match the side-walls.   331 
The main characteristics of individual fracture identification (Fig. 7b) are the 332 
rapid and regular variation of radar reflection waveform frequency, inconsecutive 333 
lineups and strong signal amplitude. The reflection wave of the sloping fracture is 334 
clear and continuous, and its amplitude is obviously stronger than that in the solid 335 
rock area. As expected, GPR detects well the slightly slanted stratification, such as the 336 
three identified layers with the strong reflected signal of the electromagnetic wave 337 
(Fig. 7c).  338 
ERT AND GPR INTERPRETATIONS OF THE TWO FIELD PROFILES 339 
Prof-ID1 340 
Fig. 8(a) shows the 3D resistivity model (Cheng et al., 2019) interpreted from 341 
inversion of the ERT Prof-ID1 profile data. The images based on ERT data 342 
interpretation represent ground surface elevation, elevation of top of rock and soil 343 
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thickness in the study area. The ERT can survey about 4m depth below the profile 344 
surface using the configuration adopted at the site. Ground surface elevation along the 345 
ERT profile varies between approximately 1271 m and 1275 m. Fig. 8(a) shows clear 346 
demarcation of the soil-rock interface according to resistivity variations. The much 347 
lower resistivity areas (e.g. <190 Ωm, in blue color, bounded by the solid black 348 
contour line in Fig. 8(a)) corresponds to soil due to the presence of moisture and high 349 
clay content, while the high resistivity areas (>700 Ωm demarked by the dotted white 350 
contour line in Fig. 8(a)) most likely represents the intact rock. We interpret resistivity 351 
values between these thresholds (>190 Ωm and <700 Ωm) to infer rock that is 352 
intensely fractured. These resistivity thresholds are comparable to the resistivity 353 
values typically reported for limestone rocks (Table 1).  Although ERT detects the 354 
fractured rock characterized by low values of resistivity as a result of moisture 355 
presence, it cannot identify distributions of horizontal and vertical fractures shown in 356 
in situ measurements. 357 
 For the GPR survey (Fig. 8(b) and (c)), 500 MHz and 100 MHz antennas were 358 
used. As the vertical resolution of GPR is a quarter of the wavelength of the radar 359 
wave, and the wavelength is inversely proportional to the frequency of measurement, 360 
the 500 MHz antenna gives a high-resolution image in the vertical layers while the 361 
100 MHz antennas gives a low-resolution image. The high-resolution image (Fig. 8(b)) 362 
shows fractured rock properties in the depth less than 4 m, which is much shallower 363 
than the identified depth (8 m) from the low-resolution image (Fig. 8(c)). 364 
Unlike ERT and the forward simulation results from GPR (Fig. 7), the GPR 365 
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image of Prof-ID1 (Fig. 8(b) and (c)) is ambiguous when used to interpret the grike 366 
structure filled with soils as the GPR image does not reveal any signals of the side 367 
walls of the grikes (Fig. 7a). Moreover, many soils containing high gravel content (i.e., 368 
fragments of limestone and dolostone) observed in the study profiles produce 369 
interference signals (Wang et al., 2015), which can mask signals related to the soil–370 
bedrock interface (Cheng et al., 2019). Nevertheless, fractures and layered structures 371 
can be identified from the amplitude intensity, frequency variation and phase 372 
continuity of GPR.  For the joint fractures, the reflection wave represents 373 
inconsecutive lineups and obviously stronger amplitude than the intact rock area. 374 
Thus, we can decipher the joint fracture distributions in Prof-ID1 shown in Fig. 8 (b) 375 
and (c). For the layered structure, the reflected wave represents the continuous 376 
in-phase axis of the signal, the uniform waveform distribution and the strong signal 377 
amplitude. A sketch of the layered structure is shown in the Fig. 8(b) and (c). 378 
The GPR results highlight many fractures within the limestone which are 379 
undetected by ERT, as reported by Carrière et al. (2013). However, the GPR results 380 
are not useful for detecting the soil-rock interfaces as in the case of ERT. Combining 381 
the advantages of the ERT and GPR interpretations, we can depict the structural 382 
feature diagram of the profile Prof-ID1 shown in Fig. 8(d), which is generally 383 
consistent with the digitized the structural feature of Prof-ID1 in Fig. 2. 384 
Prof-ID2 385 
The ERT and GPR results for Prof-ID2 are shown in Fig. 9. Fig. 9(a) shows the 386 
resistivity model (Cheng et al., 2019) interpreted from inversion of the ERT Prof-ID2 387 
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profile data. The low resistivity areas (<190 Ωm, the black contour line in Fig. 9(a)) 388 
represents the upper funnel-shaped dolines filled by soils. Whereas the high resistivity 389 
(>190 Ωm) most likely represents the fracture zone. With the chosen ERT array and 390 
inter-electrode space array, it is again to resolve the soil-rock interface but is not 391 
possible to detect thin fractures. 392 
The GPR results highlight many sloping fractures (the yellow lines in Fig. 9(b)) 393 
within the dolomite which are undetected by ERT. Based on the above interpretations 394 
of ERT and GPR methods, the structural feature diagram of the profile Prof-ID2 can 395 
be developed, as shown in Fig. 9(c), which is generally consistent with the digitized 396 
features of Prof-ID2 in Fig. 2.  397 
DISCUSSION 398 
The synthetic and field examples shown above reveal how GPR and ERT may be 399 
effective in mapping shallow subsurface features of karst. However, the methods still 400 
have some limitations. One of the uncertainties from GRP and ERT modeling arises 401 
from the large ranges of resistivity and electromagnetic propagation velocity of the 402 
soils, fractures and solid rocks, e.g., several orders of magnitude, as shown in Table 1. 403 
The wide range of resistivity values for the detected materials can lead to uncertainty 404 
in identifying the interface between unconsolidated materials and bedrock. 405 
Concerning GPR, in our study area, the measured propagation velocity within 406 
limestone ranges between 0.099 and 0.159 m/ns (Table 2) for the four selected rock 407 
profiles (Fig. 5). Use of the average velocity (0.12 m/ns) to derive GPR images of the 408 
two test profiles (Fig. 2) could result in errors in delineating the subsurface structure. 409 
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As shown in Fig. 8d and 9c, the sloping fractures cannot be exactly captured by the 410 
GPR images. For ERT, there are large uncertainties of resistivity at the interface 411 
between soils and bedrock as the porosity, saturation and gravel may vary differently 412 
in the soils-bedrock interface. As shown in Figs 8d and 9c, although ERT can 413 
generally capture the soils-bedrock interface at our study sites using a value of 190 414 
Ωm, departures between the in-situ measured interface and the inverted interface still 415 
exist. Furthermore, as demonstrated by the synthetic models, even though the 416 
resistivity of soil and bedrock is known (e.g., 20 and 1000 Ωm, respectively), the 417 
inverted interface resistivity from ERT is 30 Ωm and 40 Ωm for 3D and 2D inversion, 418 
respectively (Figs 6d and 6e), which is larger than the assigned soil resistivity because 419 
of the inherent smoothing. 420 
Concerning GPR, rock fractures in the subsurface typically have apertures less 421 
than a wavelength (λ) of the dominant frequency of the GPR signal. When the 422 
thickness of thin beds is smaller than the resolution limit, distinguishable anomalies 423 
may be lost and the “resolvable limit” is reached (Hosseini, 2014). For example, the 424 
Rayleigh resolution limit is λ/4. As shown in Fig. 8d and 9c, the imaging cannot 425 
capture some vertical and inclined fractures. The study by Markovaara-Koivisto (2017) 426 
has shown that it is possible to estimate the fracture aperture when the aperture is  427 
wider than the vertical resolution of the antenna, For example, the resolution of a 800 428 
MHz antenna allows detection of a 1cm wide water-filled openings of crystalline rock 429 
fractures. 430 
The ERT and GPR interpretation can be constrained with a priori information, 431 
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such as from borehole measurements, which may help in reducing uncertainty, and 432 
provide accurate and high-resolution interpretations (Obi, 2012; Hosseini, 2014; Kana, 433 
2016). Prior knowledge on the nature of the rock under investigation, especially 434 
propagation velocity, will also help improve GPR modeling (Kana, 2016). 435 
CONCLUSION 436 
In-situ explanations of the surveyed results are challenging because of the high 437 
heterogeneity in karst weathered medium and limited direct observations. The 438 
existence of exposed faces as field laboratories and theoretical modeling reveal how 439 
resistivity imaging may be effective in revealing localized infill of soil in karstic 440 
environments and how radar reflection imaging may be effective in characterizing of 441 
fracture distribution and stratified structure. 442 
All geophysical methods produce uncertainty in data interpretation. This can be a 443 
result of the ambiguity inherent in data inversion, the nature of signals generated in 444 
the subsurface using the particular method, variation in measurement support volume,  445 
and ambiguity between inferred geophysical properties (e.g. electrical conductivity 446 
and permittivity) and the quantity of interest. In particular, the presence of multiple 447 
sources of noise from materials which are not dominant/inhomogeneous (e.g. soils 448 
containing high gravel content) can obscure GPR and ERT signals. Inaccurate 449 
identification also arises from limitations caused by the resolution of the antenna for 450 
GPR and the electrode spacing for ERT, as well as limitations of the forward and 451 
inverse modeling of GPR and ERT data, respectively. As shown in this study, the 500 452 
MHz antenna of GPR gives a high-resolution image that can detect detail fractures in 453 
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the shallow layers (e.g. < 4 m) (Fig. 8(b)). By contrast, a low-resolution image from 454 
the 100 MHz antennas can only detect the fractures and layered structures in the deep 455 
layers that interference signals represent obviously stronger amplitude than the intact 456 
rock area (Fig. 8(c)). The theoretical modeling and inversion by using GPR and ERT 457 
also suggest that GPR signals cannot be directly used to visualize a vertical fracture 458 
wall and ERT cannot identify individual fractures.  459 
The joint use of GPR and ERT is effective for providing an enhanced 460 
characterization of geological features in karst media. In this study, ERT is effective 461 
for detecting the shallow funnel-shaped dolines or enlarged fractures filled by soils 462 
since the ERT image provides a large contrast in resistivity of soils with respect to that 463 
of the rock. Joint use of different frequencies of GPR antenna (e.g. 100 MHz and 464 
500MHz in this study) can be used to detect effectively most fractures underlying the 465 
soil, and determine fracture features including joints and fractured rocks with specific 466 
inclinations. Therefore a combination of ERT and GPR can fully delineate the soil 467 
-bedrock interface and identify fracture features.  468 
ACKNOWLEDGMENTS 469 
This research was supported by the National Natural Science Foundation of 470 
China (42030506), and the UK Natural Environment Council (NERC) Grant 471 
NE/N007409/1 awarded to Lancaster University. We are grateful for the comments 472 
received from the Associate Editor and two anonymous reviews on an earlier version 473 
of the manuscript.  474 
CONFLICT OF INTEREST STATEMENT 475 
  24
We declare that we do not have any commercial or associative interest that represents 476 
a conflict of interest in connection with the work submitted. 477 
REFERENCES 478 
Bakalowicz, M. (1995). La zone d'infiltration des aquifères karstiques: methods 479 
d'étude–structure et fonctionnement (Infiltration zones in karst aquifers: methods 480 
of study-structure and functioning). Hydrogéologie, 4, 3–21. 481 
Binley, A. (2013). R3t version 1.8 manual[Software]. Lancaster University, Lancaster. 482 
http://www.es.lancs.ac.uk/people/amb/Freeware/R3t/R3t.htm.  483 
Binley, A. (2015). Tools and techniques: DC electrical methods. In G. Schubert (Ed.), 484 
Treatise on geophysics (PP. 233–259). Elsevier. 485 
https://doi.org/10.1016/B978-0-444-53802-4.00192-5 486 
Binley, A. & Slater, L. (2020). Resistivity and Induced Polarization: Theory and 487 
Applications to the Near-Surface Earth, Cambridge University Press. 488 
Blanchy G., Saneiyan S., Boyd J., McLachlan P., Binley A. (2020). ResIPy, an 489 
Intuitive Open Source Software for Complex Geoelectrical Inversion/Modeling. 490 
Computers & Geosciences, February, 104423.  491 
https://doi.org/10.1016/j.cageo.2020.104423. 492 
Bosch, F.P. & Müller, I. (2001). Continuous gradient VLF measurements: a new 493 
possibility for high resolution mapping of karst structures. 19(6), 343–350. 494 
https://doi.org/10.1046/j.1365-2397.2001.00173.x 495 
Bosch, F.P. & Müller, I. (2005). Improved karst exploration by VLF-EM-gradient 496 
survey: comparison with other geophysical methods. Near Surface Geophysics, 3, 497 
299–310. https://doi.org/10.3997/1873-0604.2005025 498 
Chalikakis, K., Plagnes, V., Guerin, R., Valois, R., Bosch, F.P. (2011). Contribution of 499 
geophysical methods to karst-system exploration: an overview. Hydrogeol. J., 19, 500 
1169–1180. https://doi.org/10.1007/s10040-011-0746-x 501 
Cheng, Q.B., Tao, M., Chen, X., Binley, A. (2019). Evaluation of electrical resistivity 502 
tomography (ERT) for mapping the soil–rock interface in karstic environments. 503 
Environmental Earth Sciences Environmental Earth Sciences, 78, 439. 504 
https://doi.org/10.1007/s12665-019-8440-8 505 
Chlaib, H.K., Mahdi, H., Al-Shukri, H., Su, M.M., Catakli, A., Abd, N. (2014). Using 506 
ground penetrating radar in levee assessment to detect small scale animal burrows. 507 
J. Appl. Geophys., 103, 121–131. DOI: 10.1016/j.jappgeo.2014.01.011 508 
D. Carrière, S., Chalikakis, K., Sénéchal, G., Danquigny,C., Emblanch, C. (2013). 509 
Combining Electrical Resistivity Tomography and Ground Penetrating Radar to 510 
study geological structuring of karst Unsaturated Zone. Journal of Applied 511 
Geophysics, 94, 31-41. https://doi.org/10.1016/j.jappgeo.2013.03.014 512 
Deparis, J. and Garambois, S. (2009). On the use of dispersive APVO GPR curves for 513 
thin bed properties estimation: Theory and application to fracture characterization. 514 
Geophysics, 74(1), 1-12. DOI: 10.1190/1.3008545 515 
Diallo, M.C., Cheng, L.Z., Rosa, E., Gunther, C., Chouteau, M. (2019). Integrated 516 
  25
GPR and ERT data interpretation for bedrock identification at Cléricy, Québec, 517 
Canada. Engineering Geology, 248, 230-241. DOI: 10.1016/j.enggeo.2018.09.011 518 
Di Prinzio, M., Bittelli, M., Castellarin, A., Pisa, P.R. (2010). Application of GPR to 519 
the monitoring of river embankments. J. Appl. Geophys., 71, 53–61.  DOI: 520 
10.1016/j.jappgeo.2010.04.002  521 
Dorn, C. (2013). Fracture Network Characterization using Hydrological and 522 
Geophysical Data. Environmental Sciences. Universite Lausanne.  523 
Elawadi, E., El-Qady, G., Nigm, A., Shaaban, F., Ushijima, K. (2006). Integrated 524 
geophysical survey for site investigation at a new dwelling area, Egypt. Journal of 525 
Environmental and Engineering Geophysics, 11, 249–259.   526 
DOI: 10.2113/JEEG11.4.249 527 
Ellis, R.G. & Oldenburg, D.W. (1994). Applied geophysical inversion. Geophysical 528 
Journal International, 116, 5-11. 529 
https://doi.org/10.1111/j.1365-246X.1994.tb02122.x 530 
El-Qady, G., Hafez, M., Abdalla, M.A., Ushijima, K. (2005). Imaging subsurface 531 
cavities using geoelectric tomography and ground-penetrating radar. Journal of 532 
Peterson Cave and Karst Studies, 67, 174–181. 533 
Ford, D. & Williams, P. (2007). Karst Hydrogeology and Geomorphology. John Wiley 534 
& Sons.10.1002/9781118684986 535 
Gao, Q.S., Wang, S.J., Peng, T., Peng, H.J., Oliver, D.M. (2020). Evaluating the 536 
structure characteristics of epikarst at a typical peak cluster depression in Guizhou 537 
plateau area using ground penetrating radar attributes. Geomorphology, 364. 538 
https://doi.org/10.1016/j.geomorph.2019.107015 539 
Goldscheider, N. & Drew, D. (2007). Methods in Karst Hydrogeology. Taylor & 540 
Francis/Belkema. 541 
Gołębiowski, T. & Jarosińska, E. (2019). Application of GPR and ERT methods 542 
for recognizing of gypsum deposits in urban areas. Acta Geophysica, 67, 543 
2015-2030. https://doi.org/10.1007/s11600-019-00370-7 544 
Gómez-Ortiz, D. & Martín-Crespo, T. (2012). Assessing the risk of subsidence of a 545 
sinkhole collapse using ground penetrating radar and electrical resistivity 546 
tomography. Engineering Geology, 149, 1–12.   547 
DOI: 10.1016/j.enggeo.2012.07.022 548 
Goodman, D. (1994). Ground penetrating radar simulation in engineering and 549 
archaeology. Geophysics, 59(2), 224-232. https://doi.org/10.1190/1.1443584 550 
Guérin, R., Baltassat, J.M., Boucher, M., Chalikakis, K., Galibert, P.Y., Girard, J.F., 551 
Plagnes,V., Valois, R. (2009). Geophysical characterisation of karst networks — 552 
application to the Ouysse system (Poumeyssen, France). Comptes Rendus 553 
Geoscience, 341, 810–817. DOI: 10.1016/j.crte.2009.08.005 554 
Guérin, R. & Benderitter, Y. (1995). Shallow karst exploration using MT-VLF and 555 
DC resistivity methods. Geophysical Prospecting, 43, 635–653.   556 
DOI: 10.1111/j.1365-2478.1995.tb00272.x 557 
Hosseini, S.R. (2014). Analysis of GPR response to thin layers. Civil engineering. 558 
Politecnico Di Milano.   559 
Kana, A.A. (2016). Theoretical GPR AVA response of rock fractures: implications for 560 
  26
aperture and fill characterization. Journal of Earth Sciences and Geotechnical 561 
Engineering, 6(3), 17-34. 562 
Lopez, W. & Gonzalez, J.A. (1993). Influence of the degree of pore saturation on the 563 
resistivity of concrete and the corrosion rate of steel reinforcement. Cem. Concr. 564 
Res, 23, 368–376. DOI：10.1016/0008-8846(93)90102-F 565 
Mangin, A. (1975). Contribution à l'étude hydrodynamique des aquifères karstiques 566 
(Contribution to the Hydrodynamic Study of Karst Aquifers) [Doctoral 567 
dissertation, Univ. de Dijon, France]. 568 
Markovaara-Koivisto, M. (2017). Visualization and modelling of rock fractures and 569 
rock quality parameters in 1-3 dimensions in crystalline bedrock. Department of 570 
civil engineering. Aalto University. http://urn.fi/URN:ISBN:978-952-60-7754-3 571 
Neal, A. (2004). Ground-penetrating radar and its use in sedimentology: Principles, 572 
problems and progress. Earth Sci. Rev., 66, 261–330.   573 
DOI: 10.1016/j.earscirev.2004.01.004 574 
Obi, J.C. (2012). The use of electrical resistivity tomography (ERT) to delineate 575 
water-filled vugs near a bridge foundation. Science in geological engineering. 576 
Missouri University of Science and Technology. 577 
Ogilvy, R.D., Cuadra, A., Jackson, P.D., Monte, J.L. (1991). Detection of an air-filled 578 
drainage gallery by VLF resistivity method. Geophysical Prospecting, 39, 845–579 
859. https://doi.org/10.1111/j.1365-2478.1991.tb00347.x 580 
Orlando, L. (2013). GPR to constrain ERT data inversion in cavity searching: 581 
Theoretical and practical applications in archeology. Journal of Applied 582 
Geophysics, 89, 35-47. DOI: 10.1016/j.jappgeo.2012.11.006 583 
Reynolds, J.M. (2011). An Introduction to Applied and Environmental Geophysics. 584 
Wiley.  585 
Sandmeier K.J. (2015). Reflexw 7.2.1 [Software]. Karlsruhe. 586 
Sbartaï, Z.M., Laurens, S., Rhazi, J., Balayssac, J.P., Arliguie, G. (2007). Using radar 587 
direct wave for concrete condition assessment: correlation with electrical 588 
resistivity. J.Appl. Geophys., 62, 361–374. DOI: 10.1016/j.jappgeo.2007.02.003 589 
Šumanovac, F. & Weisser, M. (2001). Evaluation of resistivity and seismic methods 590 
for hydrogeological mapping in karsts terrains. Journal of Applied Geophysics, 47, 591 
13–28. DOI: 10.1016/S0926-9851(01)00044-1 592 
Telford, W.M., Geldart L.P., & Sheriff, R.E. (1990). Applied Geophysics, 2nd. ed. 593 
Cambridge University Press.  594 
Turberg, P. & Barker, R. (1996). Joint application of radio-magnetotelluric and 595 
electrical imaging surveys in complex subsurface environments. First Break, 14, 596 
105–112. https://doi.org/10.3997/1365-2397.1996007 597 
Tsoflias, G. P. & Hoch, A. (2006). Investigating multi-polarization GPR wave 598 
transmission through thin layers: Implications for vertical fracture characterization. 599 
Geophysical Research Letters, 33(20), L20401. 600 
https://doi.org/10.1029/2006GL027788 601 
Tsoflias, G. P., Van Gestel, J. P., Stoffa, P. L., Blankenship, D. D., and Sen, M. 602 
(2004). Vertical fracture detection by exploiting the polarization properties of 603 
ground-penetrating radar signals. Geophysics, 69(3), 803-810. 604 
  27
https://doi.org/10.1190/1.1759466 605 
Valois, R., Bermejo, L., Guérin, R., Hinguant, S., Pigeaud, R., Rodet, J. (2010). 606 
Karstic morphologies identified with geophysics around Saulges caves (Mayenne, 607 
France). Archaeological Prospection, 17, 151–160. https://doi.org/10.1002/arp.385 608 
Van Schoor, M. (2002). Detection of sinkholes using 2D electrical resistivity imaging. 609 
Journal of Applied Geophysics, 50, 393–399.   610 
DOI: 10.1016/S0926-9851(02)00166-0 611 
Wang, S, Chen, H.S., Fu, Z.Y., Nie, Y.P., Wang, K.L. (2015). Estimation of thickness 612 
of a soil layer on typical karst hillslopes using a ground penetrating radar. Acta 613 
Pedol Sin, 52(5), 1024–1030. (In Chinese, with English abstract.) 614 
10.11766/trxb201410110514 615 
White, W.B. (2007). A brief history of karst hydrogeology: contributions of the NSS. 616 
Journal of Cave and Karst Studies, 69, 13–26. 617 
Yuan, D.X. & Cai, G.H. (1988). The science of karst environment. Chongqing 618 
publishing house. (In Chinese.) 619 
Zhou, J., Tang, Y., Yang, P., Zhang, X., Zhou, N., Wang, J. (2012). Inference of creep 620 
mechanism in underground soil loss of karst conduits I. Conceptual model. 621 
Natural hazards, 62(3), 1191–1215. https://doi.org/10.1007/s11069-012-0143-3 622 
Zhou, W., Beck, B.F. & Adams, A.L. (2002). Effective electrode array in mapping 623 
karst hazards in electrical resistivity tomography. Environmental Geology, 42, 624 
922–928. https://doi.org/10.1007/s00254-002-0594-z 625 
Zhu, J., Currens, J.C. & Dinger, J.S. (2011). Challenges of using electrical resistivity 626 
method to locate karst conduits-A field case in the Inner Bluegrass Region, 627 
Kentucky. Journal of Applied Geophysics, 75, 523–530.   628 
DOI: 10.1016/j.jappgeo.2011.08.009 629 
FIGURES AND TABLES  630 
Figure 1. Location and geology of the study area (modified from Cheng et al., 2019) 631 
Figure 2. Two test profiles and their digitalized features of the soil-rock interface and 632 
fractures for Prof-ID1 and Prof-ID2. The vertical and horizontal axes indicate distance 633 
in meters.  634 
Figure 3. Systems for data acquisition. (a) Syscal Pro 96 (Iris Instruments, France) 635 
used for resistivity data acquisition and ERT measurements be made with dipole–636 
dipole configurations; (b) MALA Ground Explorer system with 100 MHz unshielded 637 
antennas; (c) 1200 MHz shielded antennas; (d) 500 MHz shielded antennas.  638 
Figure 4. The unstructured 3D finite-element mesh of Prof-ID1 model 639 
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Figure 5. Calibration of the relative permittivity and velocity of radar electromagnetic 640 
wave and the corresponding radar interpretation results of prof- A ~D without and 641 
with the iron bit (the yellow dot inside the red circle). 642 
Figure 6. Synthetic study for the ERT method. Modeling of three typical subsurface 643 
features that represent: (a) soil-filled grikes; (b) a thin soil layer overlying bedrock 644 
with an inclined fracture; (c) layered fractures. Inverted resistivity ((d) to (g)); (d) and 645 
(e) using a 3D and 2D ERT inversion, respectively, for the synthetic model (a); (f) and 646 
(g) for the synthetic model (b) and (c), respectively, using a 2D ERT inversion. The 647 
white line in Fig (d) and (e) shows 30 Ωm and 40 Ωm contour, respectively; the black 648 
line shows the true interface. 649 
Figure 7. Forward modeling of three typical subsurface features that represent a thin 650 
soil layer overlying grikes (prof-e), a steep sloping fracture (prof-f) and layered 651 
fractures (prof-g), respectively. Note: the relative dielectric constants of the 652 
corresponding materials are based on Table 1; the bottom of the figure represents the 653 
selected electromagnetic wave propagation type, respectively.   654 
Figure 8. GPR and ERT inversion and interpretation results of Prof-ID1. (a)  ERT 655 
inversion and interpretation results, showing that the resistivity of solid black contour 656 
line is 190 Ωm, the resistivity of dotted white contour line is 700 Ωm and the yellow 657 
line is the measured soil-rock interface; (b) GPR results for the 500MHz antenna, and 658 
(c) 100 MHz antenna, showing that the yellow lines represent fractures; (d) 659 
comparison of the combined interpretation results of ERT and GPR with the 660 
digitalized features diagram in Fig. 2, showing that the black lines are digitized 661 
  29
fractures, the shaded area is the digitized soil, the yellow lines are fractures from the 662 
combination of yellow lines in Fig. 8b and Fig. 8c. 663 
Figure 9. GPR and ERT inversion and interpretation results of Prof-ID2. (a)  ERT 664 
results showing demarcation of 190 m resistivity by the solid black contour line; (b) 665 
GPR results using the 500 MHz antenna, with yellow lines represent fractures; (c) 666 
comparison of the combined interpretation results of ERT and GPR with the 667 
digitalized features diagram in Fig. 2 (the black lines are digitized fractures, the 668 
shaded area is the digitized soil, the yellow lines are fractures from Fig. 9b, and the 669 
red polygons are the soil zones in Fig. 9a).  670 
Table 1. Physical properties of common materials in karst environment (Chlaib et 671 
al., 2014; Di Prinzio et al., 2010; Reynolds, 2011; Telford et al., 1990; * validated in 672 
this study) 673 
Materials Relative dielectric 
Permittivity (-) 
Velocity (m/ns) Resistivity (Ωm) 
Air 1 0.3 Infinity 
Fresh water 80 0.033 10-100 
Clay dry 2-6 0.122-0.212 1-100 
Clay wet 5-40 (18*) 0.047-0.134 
(0.071*) 
0.5-10 
Loam dry 4-10 0.095-0.15 5-100 
Loam wet 10-30 0.054-0.095 1-20 
Limestone 7-9(8.3*) 0.1-0.113 (0.12*) 60-10000 
Dolomite 6.8-8(8.3*) 0.106-0.115 (0.12*) 150-9000 
Marlstone 4-7 0.113-0.15 10-100 
Table 2. Results of the buried depth of target body (H), two-way travel time (T) 674 
and propagation velocity (V) of electromagnetic waves in the four profiles 675 
profiles H (m) T (ns) V (m/ns) 
prof-a 0.34 6.96 0.099 
prof-b 0.30 5.90 0.102 
prof-c 0.45 7.10 0.127 
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prof-d 0.27 3.39 0.159 
 676 
